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Observation of the Top Quark
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The DO Collaboration reports on a search for the standard model top quaslk ioollisions at
Js = 1.8 TeV at the Fermilab Tevatron with an integrated luminosity of approximatelgb™!. We
have searched forz production in the dilepton and single-lepton decay channels with and without
tagging ofb-quark jets. We observed 17 events with an expected backgrouh8 af 0.6 events. The
probability for an upward fluctuation of the background to produce the observed signak iBd~°
(equivalent to 4.6 standard deviations). The kinematic properties of the excess events are consistent
with top quark decay. We conclude that we have observed the top quark and measured its mass to be
199737 (stat) =22 (syst) GeV¢? and its production cross section to &é =+ 2.2 pb.

PACS numbers: 14.65.Ha, 13.85.Qk, 13.85.Ni
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In the standard model (SM), the top quark is the wealging muons wast GeV/c. Requirements pertaining to
isospin partner of thes quark. The DO Collaboration the magnitude and direction of th&-, the aplanarity of
published a lower limit on the mass of the top quark ofthe jets A, and the allowed ranges of pseudorapidity
131 GeV/c?, at a confidence level (C.L.) of 95%, basedwere similar to Ref. [2]. Muons were restricted [tp| <
on an integrated luminosity of3.5 pb™! [1]. A subse- 1 for the last 70% of the data because of forward muon
quent publication [2] reported the top quark productionchamber aging. Events intheu + jets andu + jets/u
cross section as a function of the assumed top quark masshannels were required to be inconsistent withzhe jets
In that analysis, we found nine events with an expectedhypothesis, based on a global kinematic fit. The principal
background of3.8 = 0.9 events (statistical significance difference between the present analysis and the analysis
1.9 standard deviations) corresponding to a productioof Ref. [2] was the imposition of a minimum requirement
cross section o8.2 + 5.1 pb for an assumed top quark in all channels on a quantits{;, which we defined as the
mass of180 GeV/c?. The Collider Detector at Fermi- scalar sum of the transverse energigsof the jets (for
lab (CDF) Collaboration published evidence for top quarkthe single-lepton angwu + jets channels) or the scalar
production with a statistical significance of 2.8 standardsum of theE;’s of the leading electron and the jets (for
deviations, a top quark of mask4 + 10713 GeV/c?, theeu + jets andee + jets channels). The kinematic re-
and a production cross section ©5.97$4 pb [3]. Pre- quirements for our standard event selection for all seven
cision electroweak measurements predict a SM top quarkhannels are summarized in Table |. In addition to the
mass of approximately50—210 GeV/c?, depending on standard selection, we defined a set of loose event selec-
the mass of the Higgs boson [4]. In the present Lettertion requirements, which differed from the standard set by
we report new results from the DO experiment that firmlythe removal of théZ; requirement and by the relaxation of

establish the existence of the top quark. the aplanarity requirement fer + jets andu + jets from
We assume that the top quark is pair produced and deA > 0.05to A > 0.03.
cays according to the minimal SM (i.e7,— W™ W~ bb). For the dilepton channels, the main backgrounds were

We searched for the top quark in channels where th from Z and continuum Drell-Yan productionZ(y* —
bosons decayed leptonicallg + jets, ee + jets, and  ee, uu, and r7), vector boson pairsWw, wZz), heavy

up + jets) and in channels where just on& boson flavor (ph andcc) production, and backgrounds with jets
decayed leptonicallye( + jets andu + jets). The single- misidentified as leptons. For the single-lepton channels,
lepton channels were subdivided inketagged and un- the main backgrounds were from + jets,Z + jets, and
tagged channels according to whether or not a muon wamsultijet production with a jet misidentified as a lepton.
observed consistent with — x + X. The muon-tagged The method for estimating these backgrounds was the
channels are denoted+ jets/u andu + jets/u. same as in our previously published analyses [1,2].

Here we present an analysis based on data collected Hy is a powerful discriminator between background and
at the Fermilab Tevatron afs = 1.8 TeV with an inte-  high-mass top quark production. Figure 1 shows a com-
grated luminosity oft4—56 pb~!, depending on the chan- parison of the shapes of th&; distributions expected
nel. In the present analysis, the signal-to-backgroundrom background ando0 GeV/c? top quarks in the chan-
ratio for a high-mass top quark was substantially im-nels (a)ex + jets and (b) untagged single-lepton jets.
proved relative to Ref. [2]. An optimization of the selec- We tested our understanding of backgrouigd distribu-
tion criteria was carried out using Monte Carlo top quarktions by comparing data and calculated background in
events for signal and our standard background estimatebackground-dominated channels such as electrotwo
The result of this procedure was a factor of 3.7 bettejets and electront+ three jets (Fig. 2). The observed
background rejection while retaining 70% of the accep-Hr distribution agrees with the background calculation,
tance for180 GeV/c? top quarks. This corresponds to a which includes contributions from both + jets as calcu-
signal-to-background ratio of 1:1 for a top quark mass of
200 GeV/c?, assuming the expected SM top cross sectionl_

. D . - . - ABLE I.
[5]. The improved rejection arises primarily by requiring o ont selec
events to have a larger total transverse energy.

The DO detector and data collection systems are de- Leptons Jets
scribed in Ref. [6]. The triggers and reconstruction algo- Channel  E;(e) pr(n) Niww Er E Hr A
rithms for jets, electrons, muons, and neutrinos were the

Minimum kinematic requirements for the standard
tion (energy in GeV).

. . u + jets 15 12 2 15 20 120
same as those used in our previous top quark searches [l,Zj.e + jets 20 2 15 25 120
The signature for the dilepton channels was defined ag, ;, + jets 15 2 15 ... 100
two isolated Ieptons,_?; Iea_lst two Jefts, r;nd _Iarglge Im|ssmg e + jets 20 4 15 25 200 0.05
Channels was detned as one isolated lepton. rgand " * 1% s 4 15 20 20 005
.. . - " e T+ jets/u 20 3 20 20 140
a minimum of three jets (with muon tag) or four jets (with L+ jets 15 3 20 20 140

out tag). The minimum transverse momentpmof tag-
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FIG. 1. Shape off; distributions expected for the principal FIG. 2. Observedd; distributions (points) compared to the
backgrounds (dashed line) ando GeV/c* top quarks (solid distributions expected from background (line) fofy >
line) for (&) ex + jets and (b) untagged single-leptenjets. 25 GeV/c and (a)e+ =2 jets and (b)e+ =3 jets.

lated by theveceosMonte Carlo program [7] and multijet we observe a statistically significant excess of events and
events. the distribution of events among the seven channels is con-
The acceptance farf events was calculated using the sistent with top quark production.
ISAJET event generator [8] and a detector simulation based Additional confirmation that our observed excess con-
on theGeanT program [9]. As a check, the acceptancetains a high-mass object comes from the invariant masses
was also calculated using therwiG event generator [10]. of jet combinations in single-leptor- jets events. For
The difference betweersaJET and HERwIG was included this analysis, we selected single-lepténfour-jet events
in the systematic error. using the loose event selection requirements (27 events).
From all seven channels, we observed 17 events witlAn invariant mass analysis was performed, based on the
an expected background &8 + 0.6 events (see Table Il). hypothesissi — W*W~bb — €vqgbb. One jet was as-
The probability of an upward fluctuation of the backgroundsigned to the semileptonically decaying top quark, and
to 17 or more events i8 X 10~°, which corresponds to three jets were assigned to the hadronically decaying top
4.6 standard deviations for a Gaussian probability distribuguark. The jet assignment algorithm attempted to assign
tion. Our measured cross section as a function of the topne of the two highesEr jets to the semileptonically de-
quark mass hypothesis is shown in Fig. 3. Assuming a topaying top quark and to minimize the difference between
quark mass 0200 GeV/c?, the production cross section is the masses of the two top quarks. The invariant mass of
6.3 = 2.2 pb. The error in the cross section includes anthe three jets assigned to the hadronically decaying top
overall 12% uncertainty in the luminosity. The cross sec-quark is denoted byns;;. Among the three possible jet
tion determined from the loose selection criteria is in goodpairs from the hadronically decaying top quark, the small-
agreement with this value, demonstrating that the backest invariant mass is denoted lay;. Figure 4 shows the
grounds are well understood. We calculated the probabildistribution of ms; vs my; for (a) background W + jets
ity for our observed distribution of excess events amongnd multijet) (b)200 GeV/c? top Monte Carlo simula-
the seven channels and find that our results are consistetiin, and (c) data. The data are peaked at higher invariant
with top quark branching fractions at the 53% C.L. Thus,mass, in both dimensions, than the background. Based

TABLE Il. Efficiency X branching fraction£ X B) using standard event selection and the expected number of top quark events
((\y) in the seven channels, based on the central theorefipabduction cross section of Ref. [5], for four top masses. Also given
are the expected background, integrated luminosity, and the number of observed events in each channel.

m, (GeV/c?) ep + jets ee + jets  uu + jets e + jets u+jets e +jets/u  w +jets/u All

140e X B (%) 0.17=* 0.02 0.11+ 0.02 0.06+ 0.01 0.50+ 0.10 0.33*= 0.08 0.36*+ 0.07 0.20=+ 0.05

(N) 1.36+ 0.21 1.04+ 0.19 0.46* 0.08 4.05*+ 0.94 2.47+ 0.68 2.93+ 0.68 1.48+ 0.42 13.80+ 2.07
160e X B (%) 0.24=* 0.02 0.15*+ 0.02 0.09+ 0.02 0.80+ 0.10 0.57*+ 0.13 0.50+ 0.08 0.25+* 0.06

(N) 0.94+ 0.13 0.69+ 0.12 0.34*= 0.07 3.13+ 0.54 2.04+ 0.53 1.95* 0.39 0.92+ 0.24 10.01* 1.41
180& X B (%) 0.28* 0.02 0.17+ 0.02 0.10+ 0.02 1.20+ 0.30 0.76* 0.17 0.56+ 0.09 0.35+ 0.08

(N) 0.57+ 0.07 0.40+ 0.07 0.19*+ 0.04 2.42+ 0.67 1.41+ 0.36 1.14* 0.22 0.64*= 0.16 6.77= 1.09
200e X B (%) 0.31* 0.02 0.20+ 0.03 0.11+ 0.02 1.70*= 0.20 0.96* 0.21 0.74+ 0.11 0.41= 0.08

(N) 0.34+ 0.04 0.25+ 0.05 0.11*+ 0.02 1.84+ 0.31 0.95+ 0.24 0.81* 0.16 0.41* 0.10 4.71* 0.66

Background  0.12- 0.03 0.28+ 0.14 0.25*+ 0.04 1.22+ 0.42 0.71+ 0.28 0.85* 0.14 0.36* 0.08 3.79+ 0.55
[Ldt(pb') 479+57 557+6.7 442+53 479+57 442+53 479+57 442+53
Data 2 0 1 5 3 3 3 17
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Top Mass (GeV/c?) quark events (dotted curve), background (dashed curve), and the

sum of top and background (solid curve) for (a) standard and
FIG. 3. DO measureds production cross section (solid line (b) loose event selection.
with one standard deviation error band) as a function of
assumed top quark mass. Also shown is the theoretical cross ) o
section curve (dashed line) [5]. vary, was performed on the fitted mass distribution. The

top quark contribution was modeled usimgpIET. The
only on the shapes of the distributions, the hypothesis thdtackground contributions were constrained to be consis-
the data are a combination of top quark and backgroun&ent with our background estimates. The likelihood fit
events (60% C.L.) is favored over the pure backgroundielded a top quark mass 09935 (stat) GeV¢? and de-
hypothesis (3% C.L.). scribed the data well.
To measure the top quark mass, single-leptofour- To increase the statistics available for the mass fit, and
jet events were subjected to two-constraint kinematic fit§0 remove any bias from the standakt} requirement,
to the hypothesist — W*W~bb — €vqgbb. Kinematic ~We repeated the mass analysis on events selected using
fits were performed on all permutations of the jet assignthe loose requirements. Of 27 single-lepten four-
ments of the four highest; jets, with the provision that Jet events, 24 were fitted successfully. The removal of
muon-tagged jets were always assigned tb quark in the Hr requirement introduced a substantial background
the fit. A maximum of three permutations wig# < 7 ~ contribution at lower mass in addition to the top signal,
(two degrees of freedom) were retained, and a singl@s shown in Fig. 5(b). A likelihood fit to the mass
y2-probability-weighted average mass (“fitted mass”) waglistribution resulted in a top quark mass 905} (stat)
calculated for each event. Monte Carlo studies using thé€V/c?, consistent with the result obtained from the
ISAJET andHERWIG event generators showed that the fittegstandard event selection. The result of the likelihood fit did
mass was strongly correlated with the top quark masd1ot depend significantly on whether the normalization of
Gluon radiation, jet assignment combinatorics, and théhe background was constrained. UsHERwIG to model
event selection procedure introduced a shift in the fittedhe top quark contribution resulted in a masSeV/c?
mass (approximately-20 GeV/c2 for 200 GeV/c? top  below that found usingsAsET. This effect was included
quarks), which was taken into account in the final masén the systematic error. The total systematic error in the
determination. top quark mass i82 GeV/c?, which is dominated by the
Eleven of the 14 single-lepton jets candidate events uncertainty in the jet energy scale (10%).
selected using the standard cuts were fitted successfully. In conclusion, we report the observation of the top
Figure 5(a) shows the fitted mass distribution. An un-quark. We measure the top quark mass td4se ;; (stat)
binned likelihood fit, incorporating top quark and back- 22 (Syst) GeV/¢> and measure a production cross section
ground contributions, with the top quark mass allowed to?f 6.4 = 2.2 pb at our central mass.
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